The utilization of composite materials has nowadays increased in aerospace applications due to their less weight and superior mechanical properties. Nevertheless, machining of composite materials without damage is quite challenging through conventional system due to their inherent heterogeneity, anisotropy, and thermal sensitivity. To overcome this problem, abrasive water jet machining process can be employed. It is a non-conventional machining processes with high accuracy, high flexibility and with no heat generation. However, there are more challenges in cutting fiber reinforced plastics with this technique. Hence, this work deals with the assessment of the optimum process parameters in abrasive water jet cutting of carbon fiber reinforced plastic composite. Cutting experiments were conducted by varying input parameters such as the traverse rate, standoff distance on three laminates of different thickness. Analysis of variance through response surface methodology technique was used to study the effect of each input parameters on the output responses such as kerf taper and surface roughness. Optimum parameters that provide the best machining quality were found using numerical and graphical 2018, Vol. 48(1) 
Introduction
Carbon fiber reinforced plastic (CFRP) composites are being used in aerospace industry due to their inherent properties like high strength-to-weight ratio, high modulus, light weight, and have superior mechanical properties when compared to other traditional and nontraditional materials. Though they can be produced to net shape by advanced techniques, cutting and trimming of the laminates are essential in many cases. Various researchers have analyzed on how to bring the best possible cut quality in fiber reinforced polymer composites using conventional cutting techniques. Paulo Davim and Mata [1] arrived optimal cutting parameters to obtain the certain surface roughness (Ra and Rt/Rmax) and optimal material removal rate in the glass fiber reinforced plastics (GFRP) tubes manufactured by filament winding and hand layup while turning with polycrystalline diamond cutting tools using multiple analysis regression. Bagci and Isik [2] arrived desired surface roughness while machining the unidirectional GFRP using cermet tools artificial neural network and response surface (RS) model. The input variables were feed, cutting speed, and depth of cut. Rajasekaran et al. [3] developed a fuzzy model to understand the relationship between the machining parameters further to identify the parameters mostly influencing the force, which causes the variation in performance of machining.
However, conventional machining of carbon fiber reinforced plastic composite is not economical and easy because of the huge difference in various properties of fiber phase, matrix phase along with the orientation, and volume fraction of the fibers. Moreover, while performing conventional machining, alternate hard reinforcement phase (fiber) and a relatively soft matrix phase are encountered by the tool material leading to quick wear of the tool [4] . Also, during conventional process, fine chips, fiber particles and dust particles are produced which pollute the surrounding environment [5] . On the other hand, nonconventional processes such as laser cutting, abrasive water jet (AWJ) machining, electric discharge machining (EDM), etc. have a very good potential in overcoming these machining difficulties.
Laser cutting is effective but produces a large heat-affected zone [6] which in turn results in the degradation of matrix material and loss of its ability to transfer loads to the fibers. EDM requires expensive tool electrodes and high investment. It offers low material removal rates and wear of electrodes creates more problems too. AWJ machining, on the other hand, is an interesting option which is commonly employed for very hard and brittle materials due to its economical and technical significance. It removes materials by erosion. It does not require any cutting tool and it removes material in a faster rate. This results in good improvement like a fairly narrow kerf width [7] . Very low forces are exerted on the part; the process does not pollute the surrounding atmosphere since fibrous materials are washed away from the part by the jet. Loud noise is the only major drawback in AWJ machining [8] . Basic working principle of the process was reviewed by Momber and Kovacevic [9] . Careful control of kerf taper and surface finish of the cut kerf is essential.
The effect of varying various process variables on surface roughness and kerf taper ratio of aramid fiber reinforced plastic composites was studied by Azmir et al. [10] . Taguchi's DOE was used as the experimental approach. Shanmugam and Masood worked on AWJ cutting of glass epoxy and epoxy preimpregnated graphite woven fabric composites. In their work, by using the methodology of conservation of energy, a predictive model was developed correlating the kerf taper angle with the process variables. The model was verified and found to be in agreement with experimental values [11] . Ramulu and Arola [12] tried to understand the effect of varying the AWJ cutting parameters on Ra and kerf taper of a graphite fiber reinforced polymer laminate and roughness value (Ra) was measured using Stylus profilometry. To understand the main defects on the machined surface as a first reference, linear AWJ tests were conducted on carbon fiber reinforced plastic laminates by Mayuer et al. [13] and delamination was proved to be the main defect.
Research works have not been carried out much on optimization of AWJ cutting parameters in low thickness CFRP laminates using RS design. In this work, we have considered symmetric CFRP laminates with ply orientations of 0 and 90 and thickness ranging from 3 to 7 mm. The objective is to analyze how different parameters affect their AWJ cut quality, viz. surface roughness and kerf taper. By performing cutting experiments based on DOE design matrix, the effects of different combinations of cutting parameters on kerf characteristics and surface roughness are studied and presented. The optimum cutting parameters to improve the cut quality are identified using numerical and graphical optimization technique based on the regression equation obtained from the analysis of variance (ANOVA) analysis.
Experimental work Material preparation
Industries follow many techniques for manufacturing composite materials such as hand layup, compression molding, vacuum molding, pultrusion, and resin transfer molding. Among these techniques, hand layup is a very simple and easy technique to use. Its primary advantage lies in its ability to fabricate huge parts with complex geometry within a short duration. Simple equipment and tooling are sufficient. In this work, all composite specimens were fabricated using hand layup method.
Unidirectional carbon fibers were utilized as reinforcement to fabricate the composites. We obtained the unidirectional carbon fiber of cloth form, resin and hardeners from Sakthi Fiberglass located in Chennai, India. Thickness of the fiber was measured and found to be 0.35 mm. Then, multiple cuts were made to the required dimensions 300 mm Â 300 mm. Mass of the fiber was 23 g. For the matrix phase, epoxy resin Araldite LY-556 and Hardener Aradur HY-951 were mixed in ratio of 10:1 as per supplier's recommendations. Fiber/resin weight ratio was 60:40. Wooden mold made of plywood with dimensions 310 mm Â 310 mm Â 5 mm was used to fabricate the laminates. Dimensions of each ply were 300 mm Â 300 mm. Ply thickness was estimated by using the rule of mixtures and stacked. The inner sides of the mold were coated with wax and a plastic sheet was kept for easy retrieval of the laminate. The first layer of the mold was filled with the prepared resin mixture and fibers were laid over them. The above steps were repeated for successive layers depending upon the stacking sequence and thickness required. This was followed by the curing process in which the CFRP laminates were subjected to compression pressure with the help of a dead weight at the top of the mold. The pressure was varied for each laminate depending upon the number of layers and the base area of the dead weight was 300 mm Â 300 mm. The laminates were cured at ambient temperature for one day and were subjected to cutting experiments only after 21 days of postcuring. Detailed information about the laminates is given in Table 1 .
Experiment design
Using RS methodology, a set of experiments was carried out to measure the response of interest. By using Box-Behnken design procedure, each factor was positioned at one of the three values being equally distant in magnitude. In each block, some factors were made to go through all combinations for the design, while the other factors were held at the middle values. Table 2 presents the range of the input parameters that were used in this experiment. Three values were chosen for each variable within the range.
The parameters that were kept constant throughout the AWJ cutting experiment are listed in Table 3 . Cutting experiments were done using an AWJ cutting machine manufactured by Water Jet Germany. The bed size is 3000 mm Â 1500 mm. The system utilizes the intensification principle. The cutting head is shown in Figure 1 .
AWJ cutting was performed on the three laminates based on the design matrix combination obtained from the DOE. The Ra value and kerf taper angles were measured in the cut zone.
Through cuts were made on the three specimens as lines with each cut being made with a combination of process variables considered. The line cuts made and the enlarged view of the cut zone are presented in Figure 2 .
Surface roughness was measured by taking samples consisting of the kerf wall. A portable roughness testing machine produced by Mitutoyo was used to measure the Ra value. It is of compact display type and the model number is SJ 201 as shown in Figure 3 .
Kerf width at top and bottom was measured. The Kerf taper angle T can be calculated from kerf width values as illustrated in Figure 4 by using the following equation
where T = kerf taper angle ( ); t = thickness (mm); W top = top kerf width (mm); W bottom = bottom kerf width (mm). Figure 4 denotes the cut profile of an AWJ machined workpiece. A through cut made on the material by AWJ is shown where in the top kerf width is larger than the bottom kerf width resulting in kerf taper. This taper should be minimized as much as possible to achieve superior cut quality.
Results and discussion
In this work, ANOVA was used to check whether the statistical model is valid and to identify which parameters are significant. ANOVA is applied for estimating the significance of the model at 5% significance level. A model is considered significant if the p value (significance probability value) is less than 0.05 [14] . The objective of ANOVA is to investigate whether the process parameters and the interaction of these parameters have significant effects on the cutting profile and to identify whether the model developed is meaningful. The results of the measurements for all the cutting experiments were recorded and are given in Table 4 . Effect of AWJ cutting parameters on surface roughness Table 5 shows the results of ANOVA for Ra. From the ''model F value,'' we observe that the model is significant. Also, there is a very little chance that this F value occurred due to noise (0.01%). The associated p value <0.05 for the model (95% confidence level) indicates that the model terms are statistically significant. The significance test of regression model and the lack of fit test are carried out by design expert software. The lack of fit value of the mathematical model implies that it is not significant. The ''Lack of Fit F-value'' of 203.87 indicates there is a 5.14% chance that the ''Lack of Fit F-value'' of this high magnitude could have occurred due to noise. The results of the ANOVA show that the standoff distance (SOD), traverse rate (TR), the quadratic effect of the standoff distance (SOD 2 ), traverse rate (TR 2 ), and along with the interaction effects of SOD and TR are the significant model terms associated with surface roughness. Figure 5 (a) and (b) shows the effect of the SOD and TR on the surface roughness for 5 mm thick laminates. The result indicates that for a laminate of fixed thickness, when SOD and TR increase, the surface roughness would be increased. When we increase the TR, only very less overlap cutting action takes place and very few abrasive particles strike the surface. Also, a faster traverse results in increment of jet deflection. Hence, it results in very high Ra values. So, a lower TR is required to get a good surface finish on the cut kerf.
The interaction effects of SOD and thickness on surface roughness are represented in Figure 6 (a) and (b) for a TR of 250 mm/min. It can be seen from both Figures 5 and 6 that the surface roughness is a function of SOD. Higher SOD results in divergence of the jet before it strikes the surface. This leads to external drag from the environment that prevails during the process. Jet diameter is thus increased as the cutting process is initiated. This in turn results in the reduction of kinetic energy density due to high interaction volume. Higher kinetic energy is preferable to get a good penetration capability [15] so that the jet can cut through the material easily providing a smoother surface. So, it is preferable to have a lower SOD. From Figure 7 , the surface roughness values observed are low in the low thickness laminates compared with the high thickness laminates. This is due to high penetration depth and more energy loss, leading to more erosive wear rather than sharp cutting at the exit side of the jet, generating a spiky, rougher surface. From the analysis, it has been found that above all the parameters, TR is found to have the greatest influence on the surface finish and it is in agreement with the experiments done by Alberdi et al. [16] . From Figures 6 and 7 , we also observe that the surface roughness is high when t = 5 mm while it is comparatively low in the other two laminates. This is because of the fiber orientation in the various plies of the laminate. Sharp and clean cuts can be obtained in the case of 90 orientation than 0 . This is because of the larger resistance offered by the 0 ply due to a larger shear area. As seen from the stacking sequence of these symmetric laminates, about the midplane, the jet encounters the 0 ply more in the case of the medium thickness laminate resulting in rougher cuts. Based on the experiment results, a mathematical model was devised to correlate the input parameters and the response. RSM technique has been applied for developing the mathematical relationships between the factors (dependent variable) and responses (independent variable) for determining desired factors, which yield optimum cutting quality.
Regression equation for surface roughness
where, SOD = standoff distance TR = traverse rate t = thickness The regression equation represents the relationship of the interaction and quadratic terms with the response Ra and this equation will be useful to find the optimum cutting parameters for better cut quality using numerical optimization technique available in the design expert software.
Effect of AWJ cutting parameters on kerf taper angle
The combined effects of various process parameters result in kerf taper angle. By using ANOVA and RSM, attempts were made to identify the most significant factor and interactions among different factors. Table 6 shows the results of ANOVA for kerf taper angle. The model F value of 38.84 implies the model is significant.
There is just a little possibility (0.15%) that ''Model F-Value'' of this magnitude could have got generated due to noise. Values of ''Prob > F'' less than 0.05 point out that the model terms are significant. In this case the SOD, TR, thickness (t), and the quadratic effect of thickness (t 2 ) are the significant model terms associated with kerf taper angle. Those which are higher than 0.1 imply that the model terms are not significant. The ''Lack of Fit F-value'' of 214.9 indicates there is a 5.01% possibility that a ''Lack of Fit F-value'' this high magnitude could occur due to noise. Figures 8 and 9 give the 3D surface and contour plots of responses due to interaction of various process parameters on the kerf taper angle. Figure 8 shows that kerf taper is low at low SOD and low TR for 5 mm thick laminates. When SOD is increased, the AWJ expands before impinging the surface and hence the density of the abrasive particles is reduced. Eventually, the penetration depth is reduced resulting in large variation of kerf widths on the top and bottom surface. Figure 9 shows that at low SOD and medium thickness range, kerf taper is low for the TR of 250 mm/min. For low SOD the kinetic energy of AWJ beam increases and which results in sharp cutting to reduce the kerf taper. When SOD is increased, surface of the laminate gets exposed to the downstream of the AWJ. Here, the jet begins to diverge. This results in reduction of cutting area. The result shows that SOD has more influence on the kerf characteristics.
As TR is increased, the faster passage of the AWJ permits only lesser number of particles to impinge the laminate and this decreases the kerf width [17] . Bottom kerf width decreases more rapidly than that of the top. Thickness parameter and its interaction with TR is also analyzed and the behavior is seen in the contour and surface plots (refer Figure 10) . The result confirms that decreasing the TR will much reduce kerf taper angle due to more exposure time for cutting, leading to more overlapping of the jet on the target material.
Also, from Figures 9 and 10, we observe that kerf taper angle is low in the case of the laminate with medium thickness. This is because of the lesser volume fraction encountered during the cutting of 0 ply than that of the other orientations. About the plane of the symmetric laminate, when 0 ply is encountered more as in the case of the laminate with medium thickness, variation of kerf width is reduced resulting in less kerf taper. Figure 11 shows how the actual and predicted values of Ra and kerf taper vary. We observe that the developed model is adequate [18] and predicted values agree with the data obtained from experiments.
Regression equation for kerf taper angle
On each contour plot, the undesirable areas were grayed out to construct the overlay plot. The colored (yellow) area that remains defines the final optimal factor settings. Figure 12 shows the plot and the optimum cutting conditions.
SEM analysis
SEM images were obtained from the cut zone of the samples and are presented in Figures 13 and 14 . Examination of the cut surface through SEM revealed that fiber fracture resulted from the micro cutting and erosion by abrasive particles.
The fracture zone mainly consists of epoxy matrix with some fractured carbon fibers (refer Figure 13) . Furthermore, material inner fractures are found to be generated at certain spots where fiber is susceptible to bending and breaking. This resulted in gaps of carbon fiber at the surface. From the fracture topography, it is concluded that the cracks were generated because of the debonding of fiber-epoxy interface. This led to the loss of support from the epoxy polymer for the fibers. Then, cracks propagated in the direction of fibers, which eventually led to the breakage of epoxy phase into small fragments and separation of fiber inside the laminate. The formation of delamination started with the generation of internal cracks with the initial impact of the AWJ on the material. This is because the material was not able to withstand the shock wave [13] .
From the SEM images, we also observe that the cutting of matrix phase consists of shearing and ploughing in the upper region. Intergranular cracking was observed in the lower region. This is in accordance with the findings of Wang [19] . From Figure 14 , we observe that the fiber distribution is homogeneous. This is in agreement with the findings of Kuzu [20] .
Numerical optimization
Design expert software was used for the numerical optimization of AWJ cutting parameters. It searches the design space, using the design models created in the analysis to find factor settings that meet the goal we defined. Goals for each response are defined. Finally, the software generates a list of potential factor settings that provide the responses that meet the criteria we defined. The lower and upper limits for each goal are set based on the range of parameters and weight for each response is assigned and this will add emphasis to target values. There are five levels of importance ranging from 1 to 5. Importance is a tool for changing relative priorities to achieve goals we established for all variables. In order to achieve good cut quality, roughness and kerf taper angle should be minimal. The criteria setup for the numerical optimization was to minimize surface roughness and kerf taper angle while keeping the factors TR, SOD, and thickness within the range specified in Table 7 .
Optimization results confirm that a lower SOD (0.59 mm) and TR (252.2 mm/ min) will lead to a surface roughness of 1.84 mm and kerf taper angle of 0.36 given the material thickness is approximately 6 mm. Twenty-nine solutions were obtained and the top 10 are listed in Table 8 . 
Validation
The validation of the model which has been proposed was checked by doing additional experiments. Five runs were carried out based on the best parameters suggested by numerical optimization. The actual Ra values and taper angle values were noted. Predicted responses for the same parameters were found. The corresponding % error observed for each run was computed and they are presented in Table 9 . They indicate that the proposed model is valid for the range of parameters chosen. 
Conclusion
This work has discussed the cutting of carbon fiber reinforced plastic composites through AWJ machining process. Based on the experimental results and statistical analysis, SOD is the dominating factor for the minimization of kerf taper angle and surface roughness followed by TR. The main conclusions obtained from this work are as follows:
1. SOD and TR are the prime factors affecting the Ra value and the taper of cut kerf. 2. Higher SOD results in large kerf taper angle due to exposure of the material surface to the downstream of the jet. At downstream, the jet starts to diverge losing its coherence thereby reducing the effective cutting area that directly affects the kerf taper angle. 3. Increasing the TR increases surface roughness and taper angle of the kerf too.
Hence lower TRs are preferable when cut quality is of high importance. 4. During the cutting process with the fiber orientation of 0 and 90 , the main defects observed in the fiber are pullout and damage in the surface level. 5. The optimum process parameters that provide the best cut quality are identified.
It is recommended that a combination of low TR and short SOD is suitable to produce more vertical kerf wall in AWJ cutting. 6. The predicted values of surface roughness and kerf taper obtained by using the mathematical model are in good agreement with the experimental values within 5% of absolute error.
Analysis can further be done with the help of finite element techniques on the mechanism of deformation in the interlaminar region of the composite material during the cutting process.
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MODEL:
Terms estimating factor effects. For two-level factorials: those that ''fall off'' the normal probability line of the effects plot. Sum of squares: Total of the sum of squares for the terms in the model, as reported in the effects list for factorials and on the model screen for RSM, MIX, and crossed designs. DF: Degrees of freedom for the model. It is the number of model terms, including the intercept, minus one. Mean square: Estimate of the model variance, calculated by the model sum of squares divided by model degrees of freedom. F value: Test for comparing model variance with residual (error) variance. If the variances are close to the same, the ratio will be close to one and it is less likely that any of the factors have a significant effect on the response. Calculated by model mean square divided by residual mean square. Prob > F: Probability of seeing the observed F value if the null hypothesis is true (there is no factor effect). Small probability values call for rejection of the null hypothesis. The probability equals the proportion of the area under the curve of the F distribution that lies beyond the observed F value. The F distribution itself is determined by the degrees of freedom associated with the variances being compared.
TERM:
Sum of squares: For factorial terms the sum of squares equation reduces to the number of factorial experiments divided by four times the squared factor effect. DF: Degrees of freedom for the term. It is the number of levels for the term, minus one. Mean square: Estimate of the term variance, calculated by the term sum of squares divided by term degrees of freedom. F value: Test for comparing term variance with residual (error) variance. If the variances are close to the same, the ratio will be close to one and it is less likely that the term has a significant effect on the response. Calculated by term mean square divided by residual mean square. Prob > F: Probability of seeing the observed F value if the null hypothesis is true (there is no factor effect). Small probability values call for rejection of the null hypothesis. The probability equals the proportion of the area under the curve of the F distribution that lies beyond the observed F value. The F distribution itself is determined by the degrees of freedom associated with the variances being compared.
RESIDUAL:
Consists of terms used to estimate experimental error. Sum of squares: This equals the sum of squares for all the terms not included in the model. DF: The corrected total DF minus the model DF. Mean square: The estimate of process variance. The square root of this provides an estimate of the process standard deviation.
LACK OF FIT:
This is the variation of the data around the fitted model. If the model does not fit the data well, this will be significant. Sum of squares: Residual sum of squares after removing the pure error sum of squares. DF: The amount of information available after accounting for blocking, model terms, curvature, and pure error. Mean square: Estimate of lack of fit. F value: Test for comparing lack of fit variance with pure error variance. If the variances are close to the same, the ratio will be close to one and it is less likely that lack of fit is significant. Prob > F: Probability of seeing the observed F value if the null hypothesis is true. Small probability values call for rejection of the null hypothesis that lack of fit is not significant. 
